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Summary
The cortical endoplasmic reticulum (ER) is an intricate
network of tubules and cisternae tightly associated with
the plasma membrane (PM) in plants, yeast, and the excit-
able cell types in metazoans [1–5]. How the ER is attached
to the cell cortex and what necessitates its highly reticulated
architecture remain largely unknown. Here, we identify the
integral ER vesicle-associated membrane protein-associ-
ated proteins (VAPs), previously shown to control the
composition of phosphoinositides at the ER-PM contact
sites [6, 7], as major players in sustaining the ER-PM teth-
ering in fission yeast. We show that genetic conversion of
the reticulated ER structure to the cisternal morphology
shields large areas of the PM, preventing the actomyosin
division ring assembly at the equatorial cortex. Using a
combination of VAP mutants where the cortical ER is
detached from the PM and a set of artificial ER-PM tethers
suppressing this phenotype, we demonstrate that the PM
footprint of the cortical ER is functionally insulated from
the cytosol. In cells with prominent ER-PM contacts, fine
reticulation of the ERnetworkmay have emerged as a critical
adaptation enabling a uniform access of peripheral protein
complexes to the inner surface of the plasma membrane.Results and Discussion
In exponentially growing Schizosaccharomyces pombe cells,
the endoplasmic reticulum (ER) marked by the artificial luminal
ER marker GFP-AHDL [8] underwent extensive remodeling at
the growing cell ends but appeared consistently associated
with the nongrowing lateral cell periphery (Figure 1A;
see also Figure S1A and Movies S1 and S2 available online).
The S. pombe genome encodes two proteins, Scs2
(SPBC16G5.05c) and Scs22 (SPAC17C9.12), that are homolo-
gous to the budding yeast vesicle-associated membrane
protein-associated proteins (VAPs) implicated in ER inheri-
tance [9] in addition to their function in phospholipid metabo-
lism [6, 7]. Strikingly, the cortical ER in S. pombe cells lacking
both VAP proteins was largely dissociated from the cell
periphery and accumulated in the cytoplasm, in particular in
the vicinity of cell tips (Figure 1B; Movie S3). Of the two
proteins, Scs2 appeared to play a more prominent role in
maintaining the ER-plasma membrane (PM) attachment (Fig-
ure S1B). The GFP-tagged Scs2 localized to the ER and was
enriched at the cell sides, the area of stable ER association3These authors contributed equally to this work
*Correspondence: snejana@tll.org.sgwith the cellular cortex (Figures 1C and S1C; for details on
GFP-tagging strategy, see Experimental Procedures). Consis-
tent with the model that the sites of growth are refractory to
forming stable ER-PM contacts, Scs2-GFP was also enriched
at nongrowing cell tips but depleted from growing cell tips in
monopolar tea1D cells [10] (Figure S1D).
Accumulation of the detached ER membranes near the
tips of scs2Dscs22D cells suggested that the ER was actively
delivered toward the growth sites. Myosin V motors were
previously implicated in transporting the ER elements along
the actin cables in budding yeast and Purkinje neurons
[11, 12]. Similarly, recruitment of the ER to the cell tips in
scs2Dscs22D cells or the wild-type S. pombe required myosin
type V-based transport (Figures S1E and S1F).
Taking these findings together, we concluded that in fission
yeast, the association of the ER with the lateral cortex mostly
depends on Scs2 and Scs22. Scs2 appears to play a more
decisive role tethering the ER to the cortex either directly
(e.g., it has been shown to bind phosphoinositides in vitro
[13]) or indirectly, through its PM partners.
To explore biological implications of the cortical ER attach-
ment, we turned to the division-site positioning model.
S. pombe cells assemble the actomyosin rings at the cell
equator and divide perpendicular to the long cell axis. At
mitotic entry, the anillin-like protein Mid1 is exported from
the centrally positioned nucleus and relocalizes to a narrow
band of numerous ‘‘nodes’’ at the medial cortex. A C-termi-
nally located amphiphatic helix plays a critical role in the
cortical targeting of Mid1 during mitosis, although additional
cis-determinants appear to facilitate the process [14]. The
Mid1 nodes recruit the downstream actomyosin machinery
that eventually compacts into a single ring structure [15–17].
We have previously shown that the tryD cells, in which the
ER structure is converted to a cisternal morphology due to the
loss of the tubulating ‘‘TRY’’ proteins Tts1, Rtn1, and Yop1,
exhibit mispositioning of the division site due to abnormal
spreading of Mid1 along the cell cortex through a poorly
understood mechanism [8].
Strikingly, the severe division-site positioning defects in the
tryD genetic background were largely alleviated by the loss of
ER-PM tethering (Figures 2A and S2A; 57% scs2Dscs22DtryD
cells exhibited straight medial septa as compared to 8.6% in
the tryD mutants, n = 500 cells). Removal of Scs2 and Scs22
alone did not cause prominent cytokinesis defects, although
we observed a minor fraction of cells with slightly off-center
septa (Figures 2A and S2A; n = 500 cells). Mid1-GFP was ex-
ported in a timely manner from the nucleus and was recruited
to a narrow equatorial cortical region in both scs2Dscs22D
cells and scs2Dscs22DtryD cells (Figures 2B, 2C, and S2B).
In fact, in both scs2Dscs22D and scs2Dscs22DtryD cells, the
Mid1-GFP nodes compacted into a single ring significantly
faster than in the wild-type, suggesting that the cortical ER
elements normally dampen the efficiency of this process
(Figure 2C; the compaction took 16 6 3.1 min in the wild-
type, n = 30 cells; 9.7 6 2.5 min in scs2Dscs22D cells, n = 19
cells; 10 6 3.4 min in scs2Dscs22DtryD cells, n = 15 cells). In
approximately one quarter of the cases, the Mid1-GFP nodes
very rapidly compacted into unusually large clusters at the
Figure 1. The VAP Proteins Scs2 and Scs22 Link
the ER to the Lateral Cortex in S. pombe
(A) A time-lapse sequence of a wild-type (WT) cell
expressing the artificial ERmarker GFP-AHDL, at
the central focal plane. Recruitment of the ER
elements to the growing cell tips is indicated by
solid arrowheads; ER detachment from the tips
is denoted by outlined arrowheads. Elapsed
time is shown in minutes. See also Movie S1.
(B) Scanning confocal micrographs of WT and
scs2Dscs22D cells expressing GFP-AHDL (left
panel) and corresponding 3D-rendered views of
the cell center (middle panel) and the cell cortex
(right panel). See also Movie S3.
(C) Scanning confocal micrographs at the central
focal plane of WT cells coexpressing Scs2-GFP
andmCherry-AHDL. Scs2-GFP intensity is dimin-
ished at the growing cell tips, as indicated by the
outlined arrowheads.
Scale bars represent 5 mm. See also Figure S1.
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fluorescence intensity (Figure S2B; 7 out of 27 cells). Taken
together, our data suggested that the ER-PM attachment per
se is not required for the division-site placement. Rather, the
cortical ER could physically shield the PM, restricting recruit-
ment of Mid1 to ER-free surfaces. Such PM obstruction might
become critical in tryD cells where the large ER sheets could
insulate extensive areas of the cellular cortex [8].
To test this hypothesis directly, we designed artificial
ER-PM tethers, consisting of an N-terminal transmembrane
ER anchor, the fluorescent mCherry protein, and a C-terminal
phosphoinositide-binding motif (Figure 3A; see Experimental
Procedures for details). Two alternative lipid-binding motifs
were tested including the cortical sorting signal (CSS) of
S. cerevisiae Ist2 [18] and the pleckstrin homology (PH)
domain from the S. pombe homolog of the oxysterol-binding
protein Osh3 [19]. The ER anchor fused to mCherry served
as a control. Expression of these constructs in wild-type cells
did not cause obvious growth or polarity defects (Figure 3A).
Importantly, all constructs localized to the ER membrane,
and both TM-mCherry-CSSIst2 and TM-mCherry-PHOsh3 but
not the control TM-mCherry, successfully restored the
ER-PM contacts in cells lacking Scs2 and Scs22 (Figures 3B
and S3).
Similarly to S. cerevisiae [7], lack of the VAP proteins led to
increased phosphatidylinositol-4-phosphate (PI4P) levels at
the plasma membrane in both otherwise wild-type and tryD
backgrounds (Figure 3C, upper panel), whereas the levels
of its bisphosphorylated derivative phosphatidylinositol-4,5-
biphosphate [PI(4,5)P2] appeared unchanged (Figure 3C,
lower panel). The tether-mediated cortical recruitment of
the ER did not rescue the increased PM levels of PI4P in
scs2Dscs22D or scs2Dscs22DtryD cells (Figure 3D), sug-
gesting that the forced ER-PM interaction could not sub-
stitute for the specific function of VAPs in phosphoinositide
metabolism.
Remarkably, when we restored the ER-PM association in
scs2Dscs22DtryD cells by expressing the artificial tethers,
Mid1-GFP spread throughout the cellular cortex and failed to
compact into the ring, essentially phenocopying the division-
site mispositioning phenotype of tryD cells (Figures 4A and
S4A). In the scs2Dscs22DtryD genetic background, abnormal
Mid1-GFP dispersal was observed in 6 out of 8 cellsexpressing TM-mCherry-CSSIst2, 8 out of 11 cells expressing
TM-mCherry-PHOsh3, and only 1 out of 11 cells expressing
TM-mCherry. The expression of the ER-PM tethers in the
wild-type or scs2Dscs22D cells did not cause Mid1 mislocali-
zation (Figures S4B and S4C). Importantly, the timing of Mid1
compaction into a ring in scs2Dscs22D cells expressing
TM-mCherry-CSSIst2 or TM-mCherry-PHOsh3 increased to
wild-type values (rings fully compacted in 16.1 6 5.7 and
15 6 4.4 min, respectively). We concluded that the lateral
dispersion ofMid1 in tryD cells indeed occurs due to a physical
blockage of the plasma membrane by the cortically attached
ER sheets.
The tight (w33 nm on average) ER-PM coupling [20] poses
a steric problem in organizing the intracellular cortex. The ER-
PM contacts are devoid of ribosomes and appear unfavorable
for vesicle targeting, fusion, or membrane invagination [20,
21]. In cells with pronounced cortical ER, many processes
are likely restricted to the ER-free PM surfaces. The
membrane contacts created by the polygonal ER mesh sus-
tained by several tubulating proteins generate a closely
spaced patchwork of plasma membrane sites accessible to
the cytosol (Figure 4B). Transition of the ER to the cisternal
morphology in yeast cells lacking the reticulons increases
the overall area of contact between the ER and the PM [20]
and results in the appearance of large irregularly spaced
cortical breaks [8, 20, 22]. Our present work shows that
such aberrant spatial organization of the cortex impairs the
PM distribution of the cytokinesis regulator Mid1, resulting
in failure to properly position the cellular division plane. In
addition, occasional emergence of massive Mid1 clusters in
cells deficient in ER-PM attachment suggests that the cortical
ER network may promote the regular distribution of the Mid1
nodes at the equatorial cortex characteristic of wild-type
cells.
The ER-PM contacts likely constrain localization of many
other peripheral protein complexes throughout the cellular
cortex. For instance, the cell-cycle regulator Cdr2 localized
as an equatorial band of regularly spaced nodes in interphase
wild-type cells (Figure S4D; [23, 24]) but exhibited a pro-
nounced clustering in cells lacking the ER-tubulating proteins.
The irregular pattern of Cdr2 distribution was rescued by the
further removal of VAPs (Figure S4D), suggesting that the
architecture of the cortical ER network has a direct bearing
Figure 2. Mid1 Nodes Are Restricted at the Equatorial Cortex When the ER-PM Contacts Are Abolished
(A) Epifluorescence and differential interference contrast images of calcofluor-stained cells of the indicated genotypes.
(B) Quantification of Mid1-GFP fluorescence distribution along the long cell axis in early mitotic cells as indicated by the spindle pole body marker
Pcp1-mCherry. Maximum-projection images of z stacks obtained by scanning confocal microscopy are shown. Dotted lines indicate cell boundaries.
(C) Time-lapsemaximumzprojection images of spinning-disk confocal stacks of cells of the indicated genetic backgrounds coexpressingMid1-GFP (green)
and Pcp1-mCherry (red). Elapsed time is shown in minutes.
Scale bars represent 5 mm. See also Figure S2.
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an equatorial domain.
The extensive reticulation of the peripheral ER is thought
to increase the surface-to-volume ratio of this organelle to
allow efficient execution of surface-dependent functions.
We propose that the network organization is also required to
provide sufficient access points for the cortex-associated
processes and promote unobstructed communication
between the cytoplasm and the plasma membrane.
Experimental Procedures
S. pombe Strains, Reagents, and Constructs
S. pombe strains used in this study and their genotypes are listed in Table
S1. Growth media and genetic methods were as described in [25]. The
in vivo markers for PI4P and PI(4,5)P2 were constructed as described in[26]. Briefly, the constructs expressing the GFP-fused PH domains from
S. cerevisiae Osh2 and Num1 under the control of a constitutive rtn1
promoter were integrated into the leu1 genomic locus. To construct the
artificial ER-PM tethers, the transmembrane anchor consisting of the
N-terminal 88 amino acids of the integral ER protein Tts1 was fused to
mCherry followed by the phosphoinositide binding motifs. The PH domain
was derived from the S. pombe Osh3 protein (SPAC23H4.01c, amino acids
150–245) and the CSS originated from the budding yeast Ist2 (amino acids
878–946) [18]. These constructs were integrated into the leu1 genomic
locus under the control of the thiamine-repressible promoter nmt1.
Expression of these constructs was induced in minimal media lacking thia-
mine for 20 hr. Scs2-GFP was generated by inserting the GFP between aa
360 and 361 of Scs2 at its endogenous locus under the control of the
native promoter. GFP-Scs2 was created by inserting GFP at the N
terminus of Scs2 at its native genomic locus. The cell wall dye calcofluor
white was obtained from Sigma-Aldrich. Detailed information on micros-
copy and image analysis can be found in Supplemental Experimental
Procedures.
Figure 3. The Artificial ER-PM Tethers Restore the Cortical ER Contacts in Cells Lacking VAPs
(A) Scanning confocalmedial planemicrographs of the artificial ER-PM tethers (top) andGFP-AHDL (center) inWT cells, with overlay shown below. Cartoons
(key at bottom) illustrate the construct design.
(B) When present, the ER-PM tethers (red) forced cortical ER recruitment in scs2Dscs22D cells coexpressing GFP-AHDL (green). Scanning confocal medial
plane micrographs of cells in which tether expression was induced (left panel) or repressed (right panel) are shown.
(C) Scanning confocal medial plane micrographs of the PI4P marker PHOsh2-GFP (upper panel) and the PI(4,5)P2 marker PHNum1-GFP (lower panel) in the
indicated cell types.
(D) Scanning confocal medial plane micrographs of the PI4P marker PHOsh2-GFP in the indicated cell types coexpressing the artificial ER-PM tethers.
Scale bars represent 5 mm. See also Figure S3.
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Supplemental Information includes four figures, one table, three movies,
and Supplemental Experimental Procedures and can be found with this
article online at http://dx.doi.org/10.1016/j.cub.2012.08.047.
Acknowledgments
We are grateful to M. Balasubramanian and E. Makeyev for discussions and
suggestions on the manuscript and to D. Huang for technical assistance.
This work was supported by Singapore Millennium Foundation.
Received: May 21, 2012
Revised: August 2, 2012
Accepted: August 22, 2012
Published online: October 4, 2012
References
1. Pidoux, A.L., and Armstrong, J. (1993). The BiP protein and the endo-
plasmic reticulum of Schizosaccharomyces pombe: fate of the nuclear
envelope during cell division. J. Cell Sci. 105, 1115–1120.2. Prinz, W.A., Grzyb, L., Veenhuis, M., Kahana, J.A., Silver, P.A., and
Rapoport, T.A. (2000). Mutants affecting the structure of the cortical
endoplasmic reticulum in Saccharomyces cerevisiae. J. Cell Biol. 150,
461–474.
3. Schneider,M.F. (1994). Control of calcium release in functioning skeletal
muscle fibers. Annu. Rev. Physiol. 56, 463–484.
4. Wu, M.M., Luik, R.M., and Lewis, R.S. (2007). Some assembly required:
constructing the elementary units of store-operated Ca2+ entry. Cell
Calcium 42, 163–172.
5. Sparkes, I.A., Frigerio, L., Tolley, N., and Hawes, C. (2009). The plant
endoplasmic reticulum: a cell-wide web. Biochem. J. 423, 145–155.
6. Loewen, C.J., Gaspar, M.L., Jesch, S.A., Delon, C., Ktistakis, N.T.,
Henry, S.A., and Levine, T.P. (2004). Phospholipidmetabolism regulated
by a transcription factor sensing phosphatidic acid. Science 304, 1644–
1647.
7. Stefan, C.J., Manford, A.G., Baird, D., Yamada-Hanff, J., Mao, Y., and
Emr, S.D. (2011). Osh proteins regulate phosphoinositide metabolism
at ER-plasma membrane contact sites. Cell 144, 389–401.
8. Zhang, D., Vjestica, A., and Oliferenko, S. (2010). The cortical ER
network limits the permissive zone for actomyosin ring assembly.
Curr. Biol. 20, 1029–1034.
Figure 4. The Cortical ER Obstructs the PM Recruitment of Mid1 Protein Complexes
(A) scs2Dscs22DtryD cells coexpressing the indicated ER-PM tether constructs (red, left panel) and Mid1-GFP (green) were subjected to time-lapse spin-
ning-disk confocal microscopy. Shown are single-plane images for artificial tethers andmaximum z projection images for Mid1-GFP. Elapsed time is shown
in minutes. Scale bars represent 5 mm.
(B) A pictorial model for cortical ER arrangement underneath the PM. CW indicates the cell wall.
See also Figure S4.
Current Biology Vol 22 No 21
20529. Loewen, C.J., Young, B.P., Tavassoli, S., and Levine, T.P. (2007).
Inheritance of cortical ER in yeast is required for normal septin organi-
zation. J. Cell Biol. 179, 467–483.
10. Mata, J., and Nurse, P. (1997). tea1 and the microtubular cytoskeleton
are important for generating global spatial order within the fission yeast
cell. Cell 89, 939–949.
11. Estrada, P., Kim, J., Coleman, J., Walker, L., Dunn, B., Takizawa, P.,
Novick, P., and Ferro-Novick, S. (2003). Myo4p and She3p are required
for cortical ER inheritance in Saccharomyces cerevisiae. J. Cell Biol.
163, 1255–1266.
12. Wagner, W., Brenowitz, S.D., and Hammer, J.A., 3rd. (2011). Myosin-Va
transports the endoplasmic reticulum into the dendritic spines of
Purkinje neurons. Nat. Cell Biol. 13, 40–48.
13. Kagiwada, S., and Hashimoto, M. (2007). The yeast VAP homolog Scs2p
has a phosphoinositide-binding ability that is correlated with its activity.
Biochem. Biophys. Res. Commun. 364, 870–876.
14. Celton-Morizur, S., Bordes, N., Fraisier, V., Tran, P.T., and Paoletti, A.
(2004). C-terminal anchoring of mid1p to membranes stabilizes cytoki-
netic ring position in early mitosis in fission yeast. Mol. Cell. Biol. 24,
10621–10635.
15. Sohrmann, M., Fankhauser, C., Brodbeck, C., and Simanis, V. (1996).
The dmf1/mid1 gene is essential for correct positioning of the division
septum in fission yeast. Genes Dev. 10, 2707–2719.
16. Ba¨hler, J., Steever, A.B., Wheatley, S., Wang, Y., Pringle, J.R., Gould,
K.L., and McCollum, D. (1998). Role of polo kinase and Mid1p in
determining the site of cell division in fission yeast. J. Cell Biol. 143,
1603–1616.
17. Paoletti, A., and Chang, F. (2000). Analysis of mid1p, a protein required
for placement of the cell division site, reveals a link between the nucleus
and the cell surface in fission yeast. Mol. Biol. Cell 11, 2757–2773.
18. Ercan, E., Momburg, F., Engel, U., Temmerman, K., Nickel, W., and
Seedorf, M. (2009). A conserved, lipid-mediated sorting mechanism of
yeast Ist2 and mammalian STIM proteins to the peripheral ER. Traffic
10, 1802–1818.
19. Levine, T.P., and Munro, S. (2001). Dual targeting of Osh1p, a yeast
homologue of oxysterol-binding protein, to both the Golgi and the
nucleus-vacuole junction. Mol. Biol. Cell 12, 1633–1644.
20. West, M., Zurek, N., Hoenger, A., and Voeltz, G.K. (2011). A 3D analysis
of yeast ER structure reveals how ER domains are organized by
membrane curvature. J. Cell Biol. 193, 333–346.
21. Stradalova, V., Blazikova, M., Grossmann, G., Opekarova´, M., Tanner,
W., and Malinsky, J. (2012). Distribution of cortical endoplasmic
reticulum determines positioning of endocytic events in yeast plasma
membrane. PLoS ONE 7, e35132.22. De Craene, J.O., Coleman, J., Estrada de Martin, P., Pypaert, M.,
Anderson, S., Yates, J.R., 3rd, Ferro-Novick, S., and Novick, P. (2006).
Rtn1p is involved in structuring the cortical endoplasmic reticulum.
Mol. Biol. Cell 17, 3009–3020.
23. Moseley, J.B., Mayeux, A., Paoletti, A., and Nurse, P. (2009). A spatial
gradient coordinates cell size and mitotic entry in fission yeast. Nature
459, 857–860.
24. Martin, S.G., and Berthelot-Grosjean, M. (2009). Polar gradients of the
DYRK-family kinase Pom1 couple cell length with the cell cycle.
Nature 459, 852–856.
25. Gould, K.L. (2004). Protocols for experimentation with
Schizosaccharomyces pombe. Methods 33, 187–188.
26. Yu, J.W., Mendrola, J.M., Audhya, A., Singh, S., Keleti, D., DeWald, D.B.,
Murray, D., Emr, S.D., and Lemmon, M.A. (2004). Genome-wide analysis
of membrane targeting by S. cerevisiae pleckstrin homology domains.
Mol. Cell 13, 677–688.
